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SEXTANT SIGHTING MEASUREMENTS FROM 

ON BOARD THE G E M I N I  X I 1  SPACECRAFT 

By Donald W .  Smith and Bedford A .  Lampkin 

Ames Research Center 

SW R Y  

The c a p a b i l i t y  of a s p a c e c r a f t  naviga tor  t o  make i n - f l i g h t  naviga t ion  
measurements from on board t h e  s p a c e c r a f t  u s ing  a hand-held s e x t a n t  has  been 
s t u d i e d  ex tens ive ly .  Tests conducted on board t h e  o r b i t i n g  Gemini X I 1  space
craf t  were designed t o  determine t h e  e f f e c t  o f  t h e  a c t u a l  s p a c e - f l i g h t  envi
ronment on nav iga to r  performance. The r e s u l t s  show t h a t :  (1) hand-held 
s e x t a n t  measurement performance is  e x c e l l e n t  providing a s tandard  dev ia t ion  
of measurement e r r o r  l e s s  than  10 a r c  seconds; ( 2 )  s p a c e c r a f t  r o t a t i o n a l  
motion and t h e  a c t u a l  spacec ra f t  environment had l i t t l e  e f f e c t  on t h e  navi
ga to r  performance; and ( 3 )  window-induced measurement e r r o r s  i n  t h e  Gemini 
X I 1  spacec ra f t  were small and p r e d i c t a b l e .  The o p t i c a l  hand-held s e x t a n t  
appears t o  have a p p l i c a t i o n  t o  on-board naviga t ion  f o r  f u t u r e  manned 
space f l i g h t s .  

INTRODUCTION 


Earth-based e l e c t r o n i c  t r a c k i n g  systems have been used f o r  e a r t h  o r b i t a l  
naviga t ion  of t h e  manned Gemini s p a c e c r a f t  and f o r  t r a n s l u n a r  and i n t e r 
p l ane ta ry  naviga t ion  of var ious  unmanned s p a c e c r a f t .  I t  i s  planned t o  use 
these  t r ack ing  systems as an element i n  t h e  primary naviga t ion  system f o r  
t h e  manned Apollo s p a c e c r a f t .  I n  t h e  manned v e h i c l e s ,  t h e s e  systems provide 
accura te  naviga t ion  measurements and r e l i e v e  t h e  crew workload a t  c r i t i c a l  
time per iods  i n  t h e  mission.  

S tudies  of circumlunar nav iga t ion  ( r e f s .  1 and 2) and i n t e r p l a n e t a r y  
naviga t ion  ( r e f s .  3 and 4 )  have i n d i c a t e d  t h a t  p r e c i s e  angular  measurements 
( s tandard  dev ia t ion  of measurement e r r o r  I 10 arc sec)  made with an o p t i c a l  
device such as a s e x t a n t  o r  t h e o d o l i t e  can b e  s u i t a b l y  processed i n  a com
p u t e r  mechanized naviga t ion  system t o  provide s a t i s f a c t o r y  midcourse naviga
t i o n .  Early i n  t h e  space - f l i gh t  e r a ,  s imi la r  s t u d i e s  l e d  t echn ica l  p lanners  
t o  consider  on-board systems f o r  primary naviga t ion .  A s i m p l i f i e d  h ighly  
r e l i a b l e  on-board naviga t ion  system f o r  manned o r b i t a l ,  lunar ,  and i n t e r 
p l ane ta ry  space f l i g h t  i s  d e s i r a b l e :  

1. 	 To provide a backup c a p a b i l i t y  s u i t a b l e  f o r  safe e a r t h  r e t u r n  
from a v a r i e t y  of  mission phases 

2 .  To provide a blunder  check f o r  primary system e r r o r s  



3 .  To i n s p i r e  t h e  crew's confidence i n  t h e  performance of t h e  
primary naviga t ion  and guidance system. 

On-board naviga t ion  of  a i rc raf t  and s h i p s  has  evolved i n t o  a system t h a t  
depends t o  a l a r g e  ex ten t  on t h e  use  of  appropr i a t e  t a b l e s  and c h a r t s ,  a 
s e x t a n t ,  a c lock,  and a s imple computational form t o  e s t a b l i s h  v e h i c l e  
p o s i t i o n  on t h e  e a r t h ' s  s u r f a c e .  These s i m p l i f i e d  systems are capable  of  
providing a p o s i t i o n  de te rmina t ion  w i t h i n  a mile.  However, t h e  naviga t ion  
of spacec ra f t  t h a t  t r a v e l  a t  high speeds over  l a r g e  d i s t ances  where t h e  
consequences of  small naviga t ion  e r r o r s  would b e  g r e a t l y  magnified r equ i r e s  
systems based on new s tandards  of  p r e c i s i o n  i n  both  s i g h t i n g  and c a l c u l a t i o n .  

The problem of  s i g h t i n g  p r e c i s i o n  i s  be ing  s t u d i e d  i n  a c t u a l  space 
f l i g h t  by t h e  A i r  Force ( r e f .  5) and NASA ( r e f .  6 ) .  S i g h t i n g  p r e c i s i o n  has  
a l s o  been s t u d i e d  i n  s imula to r s  ( r e f s .  7,  8, and 9) and i n  h igh- f ly ing  
a i rc raf t  ( r e f .  10 ) .  The r e s u l t s  of t h e  l i m i t e d  space  f l i g h t  and more 
comprehensive s imula to r  and a i rcraf t  experiments i n d i c a t e d  t h a t  a hand-held 
s e x t a n t  could be  used as a major element of a s p a c e c r a f t  naviga t ion  system. 

The general  o b j e c t i v e  of Ames' TO02 i n - f l i g h t  experiment was t o  make 
naviga t ion  measurements through t h e  window of  t h e  s t a b i l i z e d  Gemini space
craft  with a hand-held s e x t a n t :  

1. 	 To eva lua te  t h e  a s t r o n a u t ' s  a b i l i t y  t o  make accu ra t e  space 
naviga t ion  measurements u s ing  a s imple instrument  i n  an 
au then t i c  space environment 

2 .  	 To examine t h e  ope ra t iona l  f e a s i b i l i t y  of t h e  measurement 
technique both with p re s su re  s u i t  helmet o f f  and p res su re  
s u i t  helmet on - v i s o r  down 

3 .  	 To eva lua te  ope ra t iona l  problems a s s o c i a t e d  wi th  t h e  space
craft  environment 

4.  	 To v a l i d a t e  ground-based s imula t ion  techniques by compar
i s o n  of t h e  i n - f l i g h t  d a t a  with b a s e l i n e  d a t a  obta ined  by 
t h e  s p a c e c r a f t  p i l o t ,  both i n  s imula to r s  and us ing  a c t u a l  
c e l e s t i a l  t a r g e t s  from ground o b s e r v a t o r i e s .  

The TO02 experiment r e s u l t s  a r e  compared wi th  b a s e l i n e  d a t a  obta ined  i n  
a ground-based s imula t ion  and wi th  o t h e r  f l i g h t  d a t a ,  and t h e  p o t e n t i a l  of 
t he  hand-held s e x t a n t  f o r  implementation of  on-board naviga t ion  systems f o r  
i n t e r p l a n e t a r y  f l i g h t  i s  examined. 

EQUIPMENT 

Sext an t  Des c rip t ion 

The two l ine -o f - s igh t  (LOS)  s e x t a n t  shown i n  f i g u r e  1 was used i n  t h e  
TO02 experiment. I t  was designed t o  measure accu ra t e ly  t h e  angle  between 
var ious  types of c e l e s t i a l  t a r g e t s .  

2 
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Figure 1.- Hand-held space s e x t a n t  used i n  TO02 experiment. 
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The view through t h e  f ixed  LOS f i e l d  of  t h e  s e x t a n t  i s  imaged i n  i t s  
f o c a l  p lane  through a p l a t e  beamsp l i t t e r ,  o b j e c t i v e  l e n s ,  and prism-mirror 
e r e c t i n g  system ( f i g .  2 ) .  The view through t h e  scanning LOS f i e l d  i s  

r e f l e c t e d  from an a r t i c u l a t e d  scan
n ing  mi r ro r ;  i t  i s  then combined wi th  
t h e  f i x e d  LOS f i e l d  i n  t h e  beamspl i t 
t e r  and imaged ( i n  t h e  f o c a l  p lane)  
by t h e  same o b j e c t i v e  lens  and e r e c t 
i n g  system. The ope ra to r ,  by observ
i n g  t h e  f o c a l  p lane  through t h e  
eyepiece and a d j u s t i n g  t h e  scanning 
f i e l d s  of  view can superimpose t h e  
s e l e c t e d  t a r g e t s  i n  t h e  f ixed  and 
scanning f i e l d s  of  view, and thus  
e s t a b l i s h  t h e  angular  s epa ra t ion  of 
t h e  t a r g e t s .  The angular  r o t a t i o n  of 
t h e  scanning mi r ro r  i s  con t ro l l ed  by 
t h e  two-speed scanning con t ro l  knobs, 

f 	 which provide  t a r g e t  o p t i c a l  motions 
of  1 degree and 5 degrees p e r  revolu
t i o n  of  t h e  knobs. 

50% reflection 
I An engraved r e t i c l e  i s  loca ted  
I--- -------- a t  t h e  p r i n c i p a l  focus of  t h e  t e l e 

scope o b j e c t i v e  l e n s .  The r e t i c l e  
Figure 2.- Schematic diagram o f  o p t i c s ;  hand- p a t t e r n  was designed t o  assist t h e  

h e l d  s e x t a n t .  o p e r a t o r  i n  keeping t h e  t a r g e t s  
a l i n e d  i n  t h e  measurement p lane  of 

t h e  instrument  whi le  making t h e  s i g h t i n g s .  The r e t i c l e  a l s o  def ined  t h e  
area of  t h e  instrument  f i e l d  of view i n  which measurements were t o  be  made t o  
minimize measurement e r r o r s .  Reticle i l l u m i n a t i o n  i s  provided t o  enable  t h e  
ope ra to r  t o  see t h e  r e t i c l e  aga ins t  a dark background. 

The s e x t a n t  i s  equipped with two removable eyepieces ,  one providing 
normal eye r e l i e f ,  and t h e  o t h e r ,  long eye r e l i e f .  The normal eye r e l i e f  
eyepiece i s  used when t h e  s e x t a n t  can be  brought  d i r e c t l y  t o  t h e  eye f o r  
viewing, while  t h e  long eye re l ie f  eyepiece al lows t h e  s e x t a n t  t o  be  used 
with t h e  p re s su re  s u i t  helmet on and t h e  helmet v i s o r  down. 

Data readout  i s  accomplished by d i r e c t  reading  o f  a mechanical counter  
l oca t ed  below t h e  instrument  eyepiece.  The measured angle  between t h e  
f i x e d  and scanning LOS i s  i n d i c a t e d  on t h e  counter  i n  degrees ,  t h e  l e a s t  
count being 0.001" o r  3 . 6  arc seconds.  

A d u a l - c e l l  rechargeable  nickel-cadmium b a t t e r y ,  contained wi th in  t h e  
s e x t a n t ,  provides 2 . 5  v o l t s  f o r  i l l u m i n a t i n g  both t h e  d a t a  readout and t h e  
r e t i c l e .  
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An event t i m e r  bu t ton  and switch are loca ted  on t h e  r i g h t  s i d e  of  t h e  
instrument .  The event timer switch was connected t o  t h e  Gemini XI1 space
craf t  te lemet ry  r eco rde r  through t h e  s p a c e c r a f t  u t i l i t y  cord.  Depression of 
t h e  event t i m e r  bu t ton  put  a t ime-co r re l a t ed  signal on t h e  on-board pu l se  
code modulation (PCM) d a t a  r eco rde r  t a p e  f o r  use  i n  t h e  d a t a  a n a l y s i s .  

Two f i l t e r s  of d i f f e r e n t  d e n s i t y  are provided i n  each LOS t o  reduce t h e  
amount of l i g h t  t r ansmi t t ed  through them. The purpose of  t h e  f i l t e r s  i s  t o  
permit  viewing o f  images of  widely varying b r igh tness .  

The genera l  c h a r a c t e r i s t i c s  of t h e  s e x t a n t  are as fo l lows:  

S i z e  . . . . . . . . . . . . . . . . . . . .  7 x 7-1/4 x 6-1/16 i n .  

Weight 
Normal eye r e l i e f  eyepiece . . . . . . . . . . . . . .  6 l b  4 oz 
Long eye re l ie f  eyepiece . . . . . . . . . . . . . . .  6 l b  0 oz 

Magnif icat ion 
Normal eyepiece . . . . . . . . . . . . . . . . . . . . . . .  8x 
Long eye r e l i e f  eyepiece . . . . . . . . . . . . . . . . . .  4 . 6 ~  

F ie ld  of view . . . . . . . . . . . . . . . . . . . . . . . . .  7" 

Ex i t  pupi 1 
Normal eye r e l i e f  eyepiece . . . . . . . . . . . . . . . . .  4 mm 
Long eye r e l i e f  eyepiece . . . . . . . . . . . . . . . . . .  7 mm 

Eye r e l i e f  
Normal eye r e l i e f  eyepiece . . . . . . . . . . . . . . . .  18 mm 
Long eye r e l i e f  eyepiece . . . . . . . . . . . . . . . . .  60 mm 

Diopter adj u s  tment 
Normal eye r e l i e f  eyepiece . . . . . . . . . . . . . . .  - 3  t o  +S 
Long eye r e l i e f  eyepiece . . . . . . . . . . . . . . . . .  - 3  t o  + 3  

Resolut ion . . . . . . . . . . . . . . . . . . . . . .  7 s e c  of a r c  

Image . . . . . . . . . . . . . . . . . . . . . . . . . . .  Erec t  

Range . . . . . . . . . . . . . . . . . . . . . . . . . . . .  76" 

A d e t a i l e d  d e s c r i p t i o n  of t h e  ins t rument ,  t h e  r e s u l t s  of  t h e  f l i g h t  r a t i n g  
program, and r e s u l t s  of  t h e  func t iona l  v e r i f i c a t i o n  program a r e  presented  i n  
r e fe rence  11. 
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Figure 3 . - P r e f l i g h t  c a l i b r a t i o n  o f  hand-held 
space s e x t a n t  (GFAE No. E G 2 5 1 0 0 - 1 ,  s e r i a l  
no. 4 ) .  

Post f I igh i  ca Iibra t ion 

Special postflight calibration for actuol Gemini 
XU measured angles 

0 Preflight calibration from Fig 3 
Preflight calibration, 0" lo 3" 
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Figure 4.  - P o s t f l i g h t  c a l i b r a t i o n  of hand-held 
space s e x t a n t  (GFAE No. E G 2 5 1 0 0 - 1 ,  s e r i a l  
no.  4 ) .  
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Se x t  a n t  C a l  i bra t  ion 

P r e f l i g h t . - The f l i g h t  s e x t a n t  (GFAE No. EG 25100-1, se r ia l  no. 4) was 
c a l i b r a t e d  p r i o r  t o  t h e  f l i g h t  of t h e  Gemini X I 1  u s ing  t h e  Acceptance T e s t  
and Opt ica l  Ca l ib ra t ion  Procedure (KTS 41580 00 001) o f  r e fe rence  1 2 .  The 
sex tan t  c a l i b r a t i o n  e r r o r ,  E

C Y  
i s  t h e  average of  t h e  e r r o r s  ob ta ined  a t  each 

v 

Note: Curve values to be added reading (every lo  from -60 to +700) 
to sextant reading i n  t h r e e  consecut ive c a l i b r a t i o n s .  

The range of t h e  t h r e e  instrument  

d i s  Crete  i n d i c a t e d  s e x t a n t  angle  

e r r o r s  measured a t  each ind ica t ed
FR/\Ih &Ah LQAk$ s e x t a n t  angle  dur ing  t h e  c a l i b r a t i o n  

~~~~~~~ ~ wasC v-v"  YU".Ialways less than  6 a r c  seconds.  
+ 

For a c t u a l  angle  ofan t r u e  t a r g e t  
0" t h e  s e x t a n t  was c a r e f u l l y  a l i n e d  
on an o p t i c a l  bench t o  i n d i c a t e  0"  on 
t h e  s e x t a n t  readout  counter .  To 
o b t a i n  t h e  a c t u a l  measured s e x t a n t  
angle ,  t h e  instrument  e r r o r  i s  added 
a l g e b r a i c a l l y  t o  t h e  i n d i c a t e d
sextant angle (fig.3 ) .  

P o s t f l i g h t . - A f t e r  t h e  Gemini 
X I 1  f l i g h t ,  t h e  s e x t a n t  was v i s u a l l y  
in spec ted  and c a l i b r a t e d  t o  determine 
whether exposure t o  t h e  space and 
s p a c e c r a f t  environment had any dele
t e r i o u s  e f f e c t s  on t h e  s e x t a n t  o r  i t s  
performance. The in spec t ion  revea led  
no change i n  t h e  phys ica l  condi t ion  
of t h e  ins t rument .  The s e x t a n t  was 
c a l i b r a t e d  us ing  t h e  procedure of 
r e fe rence  1 2 ,  b u t  only i n  t h e  
r e s t r i c t e d  ranges of i nd ica t ed  sex
t a n t  angles ,  from 0 t o  3', 6.5" t o  
9 .5" ,  and 16.5" t o  19.5",  i n  which 
s i g h t i n g  measurements were made dur
i n g  t h e  Gemini X I 1  f l i g h t .  A c a l i 
b r a t i o n  f o r  t h e  range from 31.5' t o  
34.5" was a l s o  made t o  check a s i m i 
l a r  p r e f l i g h t  c a l i b r a t i o n .  Figure 4 
compares t h e  pos tf 1igh t cal i brat  ion 
d a t a  with t h e  p r e f l i g h t  d a t a  of  
f i g u r e  3 and wi th  t h e  c a l i b r a t i o n  
made i n  t h e  range of  s e x t a n t  angles  
from 0' t o  3". Two s p e c i a l  pos t 
f l i g h t  c a l i b r a t i o n s  were made f o r  
i n d i c a t e d  s e x t a n t  angles  of 7.525' 
and 18.605', t h e  approximate measured 
angles  of t h e  s i g h t i n g s  performed on 
t h e  Gemini X I 1  f l i g h t .  



From examination of  f i g u r e  4,  it may be seen  t h a t  t h e  p o s t f l i g h t  and 
p r e f l i g h t  s ex tan t  c a l i b r a t i o n  e r r o r s  d i f f e r  gene ra l ly  by about 5 arc sec wi th  
a few as l a r g e  as 10 arc sec. Except f o r  t h e  f e w  l a r g e r  e r r o r s ,  t h e  c a l i b r a 
t i o n s  meet t h e  acceptance tes t  requirements f o r  ope ra t iona l  u se  of t h e  s e x t a n t  
( r e f .  1 2 ,  appendix 11, para .  9 .18) :  t h e  d i f f e r e n c e  between t h e  maximum and 
minimum e r r o r  a t  any d a t a  p o i n t  ( i nd ica t ed  s e x t a n t  angle)  s h a l l  no t  exceed 
6 arc s e c .  I t  seems reasonable  t o  conclude, t h e r e f o r e ,  t h a t  t h e  exposure t o  
t h e  space - f l i gh t  environment had l i t t l e  o r  no effect  on t h e  performance of  
t h e  s e x t a n t .  

Event Timing System 

The i n t e g r a l  event  t i m e r  switch ( f i g .  1) was ac tua ted  by t h e  p i l o t  when 
he a t t a i n e d  t a r g e t  supe rpos i t i on  i n  t h e  s e x t a n t  f i e l d  of view. Actuat ion of 
t h e  switch i n i t i a t e d  a t ime-cor re la ted  e l e c t r i c a l  s i g n a l  t o  an on-board PCM 
t ape  r eco rde r .  This  event  t iming system was capable  of providing t h e  time of 
each sex tan t  s i g h t i n g  wi th  an e r r o r  less than  20.2 sec. The d a t a  were s t o r e d  
on t h e  t ape  and t r ansmi t t ed  t o  t h e  ground v i a  te lemet ry  equipment a t  a f u t u r e  
t ime. I t  then  became a v a i l a b l e  f o r  reduct ion  of t h e  s i g h t i n g  d a t a .  

In a previous experiment on Gemini IV ( r e f .  5 ) ,  time c o r r e l a t i o n  d a t a  
were l o s t  as t h e  r e s u l t  of an equipment f a i l u r e ,  which s e r i o u s l y  r e s t r i c t e d  
t h e  usefu lness  of  t h e  d a t a  c o l l e c t e d  and recorded i n  t h e  p i l o t s  log and, i n  
t h i s  case ,  made it impossible t o  ob ta in  q u a n t i t a t i v e  r e s u l t s .  To prevent  d a t a  
l o s s  i n  t h i s  experiment, a backup t iming system was devised i n  which t h e  
command p i l o t  manually logged t h e  time of  s ex tan t  s i g h t i n g ,  which he read  
from a spacec ra f t  e lapsed  t ime clock on an o r a l  "MARK" command from t h e  p i l o t .  
This  system proved accura t e  wi th in  about k0.6 s e c  based on t h e  event  times 
success fu l ly  te lemetered from t h e  primary system during t h e  f l i g h t .  

Sexta n t  St owage 

During t h e  launch and e n t r y  phase of t h e  Gemini XI1 mission,  t h e  s e x t a n t  
was stowed between t h e  p i l o t s  i n  a s p e c i a l  con ta ine r  shown i n  f i g u r e  5 .  This  
conta iner  r e s t r a i n e d  t h e  s e x t a n t  during t h e s e  high a c c e l e r a t i o n  f l i g h t  
regimes and a l s o  p ro tec t ed  t h e  instrument  from damage due t o  both t h e  
sus t a ined  a c c e l e r a t i o n  and v i b r a t i o n  loads .  

During t h e  o r b i t a l  f l i g h t  phase,  t h e  instrument  was stowed above t h e  
back of t h e  command p i l o t ' s  s e a t  where it was r e s t r a i n e d  from moving by means 
of Velcro pads.  
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Figure 5.- Stowage of  s e x t a n t  on board Gemini XI1 spacecraf t  
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EXPERIMENTAL METHODS AND PROCEDURES 

P r e f l i g h t  Training 

Tra in ing  i s  a c r i t i ca l  f a c t o r  i n  developing t h e  a b i l i t y  of a spacec ra f t  
naviga tor  t o  make accu ra t e  naviga t ion  measurements ( r e f .  7 ) .  The Gemini X I 1  
p i l o t ,  Major Edwin Aldr in ,  was t r a i n e d  f o r  t h e  TO02 experiment i n  t h e  Gemini 
cab of  t he  Docking Simulator  a t  NASA's Manned Spacecraf t  Center ( f i g .  6 ) .
Two simulated s t a r  t a r g e t s  were i n s t a l l e d  i n  t h e  s imula to r  room. The s t a r  
t a r g e t s  cons i s t ed  o f  12- in .  p a r a b o l i c  mir rors  t h a t  p r o j e c t e d  co l l imated  l i g h t  
toward t h e  s i g h t i n g  s t a t i o n  s imula t ing  a s t a r  magnitude of  about 2 .  Using 
t h e  hand-held s e x t a n t  i n  t h e  darkened Docking Simula tor ,  t h e  p i l o t  performed 
15 consecut ive measurements of t h e  angle  between t h e  s imula ted  s tars .  A zero 
b i a s  c o r r e c t i o n  was obta ined  by having t h e  p i l o t  t ake  10 consecut ive measure
ments when s i g h t i n g  on one s t a r  with both s e x t a n t  LOS. The measured s e x t a n t  
angles were read  o f f  of  t h e  s e x t a n t  counter  and recorded.  Sextan t  measure
ments were repea ted  i n  15 s i g h t i n g  se s s ions  d i s t r i b u t e d  over  a per iod  of 
4 days.  

P r ef 1igh t Bas e 1i n e  Experiments 

Accurate re ference  b a s e l i n e  d a t a  were r equ i r ed  f o r  eva lua t ing  t h e  e f f e c t  
of t he  s p a c e - f l i g h t  environment on t h e  p i l o t ' s  a b i l i t y  t o  make accura te  
s e x t a n t  measurements. A l l  b a s e l i n e  d a t a  were obta ined  a t  Ames Research 
Center p r imar i ly  i n  t h e  A m e s  Midcourse Navigation and Guidance Simulator  
( r e f .  7 ) .  The b a s i c  components of t h e  s imula to r  are a v i s u a l  scene (moon-
s t a r  f i e l d )  and a movable cab (manned space v e h i c l e ) .  The cab was s t a t i c  f o r  
t h e  major i ty  of t h e  s i g h t i n g  s e s s i o n s .  Cab motion appeared t o  have no e f f e c t  
on s i g h t i n g  performance. The two s imula ted  stars used i n  t h e  i n i t i a l  t r a i n 
ing  were employed i n  ob ta in ing  t h e  b a s e l i n e  d a t a .  Using t h e  hand-held sex
t a n t ,  t h e  Gemini X I 1  p i l o t  made 5 consecut ive measurements of t h e  angle  
obtained when viewing t h e  same simulated s t a r  through both s e x t a n t  LOS t o  
e s t a b l i s h  an ins t rument -opera tor  measured zero b i a s .  Subsequently,  10 con
secu t ive  measurements of t h e  angle  between the  s e l e c t e d  s i g h t i n g  t a r g e t s  were 
made from which t h e  mean and s tandard  devia t ions  of t h e  measurement e r r o r s  
were computed. Measurements were made with t h e  helmet o f f  (normal eye r e l i e f  
eyepiece)  and helmet on, v i s o r  down ( long eye r e l i e f  eyepiece) .  Sextan t  
measurements were made i n  25 s i g h t i n g  se s s ions  d i s t r i b u t e d  over  a pe r iod  of 
2 days.  

The t r u e  angles  between t h e  s imula to r  s i g h t i n g  t a r g e t s  were measured 
us ing  a H i l g e r  Watts No. 2 Micropt ic  Theodol i te  wi th  a 0 . 1  arc s e c  readout  
and an e r r o r  of  l e s s  than  1 arc s e c .  

Basel ine d a t a  were a l s o  obta ined  a t  t h e  Ames ground s i g h t i n g  s t a t i o n  
us ing  real  stars. Measurements were made i n  5 s i g h t i n g  s e s s i o n s  d i s t r i b u t e d  
over a pe r iod  of  2 days.  
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Figure 6 . - MSC docking s imula tor  used i n  prel iminary as t ronaut  t r a i n i n g .  



The s e x t a n t  event  t iming system was used t o  mark t h e  t i m e  o f  s e x t a n t  
measurement on a d i g i t a l  recorder .  An e l e c t r o n i c  clock synchronized t o  t h e  
n a t i o n a l  t i m e  s tandard  t r ansmi t t ed  over r a d i o  s t a t i o n  WWV was used as t h e  
time reference .  Timing e r r o r  was less than  +0'.25 s e c .  

In -F l igh t  Experiment 

I n - f l i g h t  procedures were c a r e f u l l y  formulated by t h e  experimenters and 
t h e  f l i g h t  crew i n  t h e  Gemini Mission Simulator  a t  t h e  Manned Spacecraf t  and 
Kennedy Space Centers .  The methods f o r  acqui r ing  t h e  t a r g e t ,  t ak ing  d a t a ,  
measuring t i m e  of t a r g e t s  supe rpos i t i on ,  and l o c a t i n g  s e x t a n t  LOS on t h e  
window were s i m p l i f i e d  t o  a s su re  a maximum p r o b a b i l i t y  of  experiment success .  
These procedures were f r equen t ly  p r a c t i c e d  by t h e  crew us ing  t h e  v i s u a l  scene 
of t h e  Mission Simulator .  

The s e x t a n t  was taken from i t s  stowed loca t ion  between t h e  p i l o t  and t h e  
command p i l o t .  The s p a c e c r a f t  commander then e s t a b l i s h e d  t h e  s p a c e c r a f t  
o r i e n t a t i o n  with r e spec t  t o  t h e  s e l e c t e d  s t a r  t a r g e t s  s o  t h a t  t h e  p i l o t  could 
s e e  them through t h e  r ight-hand window ( f i g .  7 ) .  The s p a c e c r a f t  was s t a b i 
l i z e d  t o  t h i s  o r i e n t a t i o n  wi th in  about _+2" i n  p i t c h  and yaw and + l o o  i n  r o l l  
with very low r e s i d u a l  a t t i t u d e  r a t e s  ( l e s s  than O . l O o  p e r  s e c ) .  Af t e r  t h e  
spacec ra f t  was s t a b i l i z e d ,  t h e  p i l o t  brought t h e  s e x t a n t  t o  t h e  window as 
shown i n  f i g u r e  7 ,  s e t  t h e  r e t i c l e  i l l umina t ion  t o  a comfortable l e v e l ,  and 
acquired t h e  t a r g e t s  i n  both LOS. The p i l o t  then  superimposed t h e  t a r g e t  
images and marked t h e  time of supe rpos i t i on  by depress ing  t h e  s e x t a n t  event 
timer bu t ton .  An o r a l  time !'MARK" was c a l l e d  out  by t h e  p i l o t ,  and t h e  
spacec ra f t  commander read h i s  spacec ra f t  c lock,  no t ing  t h e  t ime i n  t h e  exper
iment log along with t h e  measured angle  read from t h e  s e x t a n t  by t h e  p i l o t .  
This procedure was repea ted  f o r  a t  l e a s t  13 consecut ive measurements of t h e  
angle  between t h e  t a r g e t  p a i r  and 5 times f o r  a s i n g l e  s ta r  ( t h e  same s t a r  i n  
each LOS) t o  provide an i n d i c a t i o n  of t h e  measured zero b i a s  o f  t h e  
ins t rument -opera tor  combination. 

During each s i g h t i n g  s e s s i o n ,  t he  command p i l o t  determined and noted on 
a diagram contained i n  h i s  log ,  t h e  po in t  on t h e  window t h a t  would be  i n t e r 
cepted by t h e  ex tens ion  of t he  lower l e f t  corner  of t h e  s e x t a n t  case .  This 
po in t  was used by t h e  experimenter i n  co r rec t ing  t h e  d a t a  f o r  window-induced 
e r r o r s .  

The procedure w a s  we l l  executed by t h e  crew and although some of t h e  
te lemetered time d a t a  were l o s t  , t h e  backup time "MARK" procedure provided 
adequate redundant d a t a .  

Data Reduction 

The s i g h t i n g  performance of t h e  p i l o t  was eva lua ted  us ing  t h r e e  
c r i t e r i a :  (1) s i g h t i n g  measurement e r r o r ;  ( 2 )  t h e  mean o r  a r i t h m e t i c  average 
of a group o f  s i g h t i n g  measurement e r r o r s ;  and (3)  t h e  s t anda rd  dev ia t ion  of  
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t h e  group of s i g h t i n g  measurement e r r o r s  about t h e i r  mean va lue .  The compu
t a t i o n  of t h e  values  of t h e s e  c r i t e r i a  was accomplished us ing  t h e  equat ions 
and co r rec t ions  explained below. 

S igh t ing  measurement e r r o r .  - The s e x t a n t  s i g h t i n g  measurement e r r o r  
values  E ( i n  a r c  sec )  were computed as fo l lows:  

E = (eM - eT) - ( e  Z mean = s i g h t i n g  measurement e r r o r  (1) 

eM = 0 R + = measured t a r g e t  angle  (2) 

O R  = s e x t a n t  readout  counter  reading 

E~ = s e x t a n t  c a l i b r a t i o n  e r r o r  (from f i g .  3) 

eT = es + EW + E R = t r u e  t a r g e t  angle  (3) 

es = c e l e s t i a l  t a r g e t  angle  (computed) 

E = window-induced measurement e r r o r  (determined both 
experimental ly  and a n a l y t i c a l l y )  

E = e r r o r  due t o  t h e  d i f f e rence  of  t h e  index of  
r e f r a c t i o n  of  t h e  l i g h t  t r ansmi t t i ng  media wi th in  
(n2) and ou t s ide  (n l )  of t he  spacec ra f t  

= s i n - ' ( Z  s inal)-al  ( r e f .  13) 

n l , n2  = index of r e f r a c t i o n  

a1 = angle  between t h e  inc iden t  l i g h t  ray  from t h e  s tar  
and t h e  window normal 

('Z'mean = mean measured zero b i a s  

e z  = t h e  measured zero b i a s  o r  t h e  measured angle  when 
t h e  same s t a r  i s  viewed i n  each LOS 

The mean measured zero b i a s  i s  used t o  c o r r e c t  t h e  measurement d a t a  f o r  poss i 
b l e  mechanical changes i n  t h e  s e x t a n t  due t o  environmental changes as well as 
p o s s i b l e  changes i n  t h e  p i l o t ' s  v i s i o n .  

Mean s i g h t i n g  measurement e r r o r . - The mean sex tan t  s i g h t i n g  measurement 
e r r o r  va lues  Emean ( i n  arc sec)  were computed as fo l lows:  

Emean = ('M - 'T'mean - ('Z)mean (4) 

E = mean s i g h t i n g  measurement e r r o r  me an 
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Standard dev ia t ion  o f  s i g h t i n g  measurement e r r o r . - The s tandard  dev ia t ion_ - _-
of  t h e  s i g h t i n g  measurement e r r o r ,  crE, presented  i n  t h i s  r e p o r t  was computed 
us ing  equat ion ( 5 ) .  

Greenwich mean t ime (GMT) of  s i g h t i n g  measurement.- The GMT of  each 
s i g h t i n g  measurement was computed as fo l lows  : 

GMT = TL + ATG 

TL = Gemini XI1 launch t ime 

= 20 h r  46 min 33.419 sec GMT 
November 11, 1966 

ATG = Gemini e lapsed t ime from TL 

Window-induced measurement e r r o r . - Deformation of  t h e  su r faces  of  t h e  
window panes of  t h e  Gemini s p a c e c r a f t  (due t o  manufacture,  and p res su re  and 
temperature environment i n  f l i g h t )  causes dev ia t ions  i n  t h e  sex tan t  LOS 
r e s u l t i n g  i n  errors i n  t h e  measured s e x t a n t  angles .  Line-of-s ight  dev ia t ions  
determined both experimental ly  and a n a l y t i c a l l y  have been used i n  t h i s  r e p o r t  
t o  c o r r e c t  t he  measured d a t a .  An important f a c t o r  i n  co r rec t ing  t h e  exper i 
mental d a t a  was t h e  p o i n t  on t h e  window a t  which each s e x t a n t  LOS i n t e r 
s e c t e d  t h e  window s u r f a c e  ( see  p .  1 1 ) .  The i n t e r s e c t i o n  po in t s  were used i n  
an experimental  l abo ra to ry  s e t u p  and an a n a l y t i c a l  program t o  determine t h e  
average sex tan t  LOS loca t ions  f o r  each s e x t a n t  s i g h t i n g  per iod  and t h e  angles  
and p lanes  of inc idence  of  each LOS with r e spec t  t o  t h e  window ax i s  system. 
I t  was est imated by t h e  s p a c e c r a f t  crew t h a t  t h e  p o s i t i o n  o f  t he  sex tan t  LOS 
through t h e  window could be  determined t o  about + 1 / 2  inch .  Analysis has 
ind ica t ed  t h a t  t h i s  unce r t a in ty  i n  p o s i t i o n  could r e s u l t  i n  a maximum uncer
t a i n t y  i n  t h e  s e x t a n t  measurement e r r o r  of about + 2  t o  3 arc s e c .  

TEST CONDITIONS 

The TO02 experiment was success fu l ly  completed on o r b i t s  40 ,  48, 54, 
55, and 56 of t h e  Gemini XI1 f l i g h t .  The s p a c e c r a f t  p o s i t i o n  ( l a t i t u d e ,  
longi tude ,  and a l t i t u d e )  as a func t ion  of  t i m e  (GMT) f o r  each o r b i t  i s  given 
i n  t a b l e  I .  
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Sigh t ing  Targets  

The stars Betelgeuse and Rigel  were the  measurement t a r g e t s  dur ing  t h e  
s i g h t i n g  per iods  on o r b i t s  40, 48, and 56. Betelgeuse and B e l l a t r i x  were t h e  
measurement t a r g e t s  f o r  t h e  s i g h t i n g  per iods  54 and 55. The c e l e s t i a l  angle  
BS between Betelgeuse and Rigel  and Betelgeuse and B e l l a t r i x  were 18°36'17" 
and 7°31'47'', r e spec t ive ly .  These angles  were computed from t h e  known values  
of r i g h t  ascension and d e c l i n a t i o n  of  each t a r g e t ;  they are co r rec t ed  f o r  
annual abe r ra t ion  and have been shown t o  be l e s s  than  1 arc s e c  i n  e r r o r .  
Measurements between t h e  moon limb and a s ta r  were a l s o  planned f o r  t h i s  
f l i g h t ,  b u t  t h e  moon was a t h i n  c re scen t  t h a t  was a v a i l a b l e  as a s i g h t i n g  
f o r  only a s h o r t  t i m e  a f t e r  spacec ra f t  sunse t .  Although t h e  s tar /s tar  t a r g e t  
conf igura t ion  used i s  an i d e a l i z e d  non-navigation type  t a r g e t  p a i r ,  a sub
s t a n t i a l  p o r t i o n  of t he  experiment ob jec t ives  were s t i l l  m e t .  

Suit Configura t  ion 

The p i l o t  wore a s tandard  Gemini type  p res su re  s u i t  with gloves and 
helmet o f f  during a l l  s i g h t i n g  per iods  except t h e  l a s t .  During o r b i t  56, he 
donned the  p re s su re  s u i t  helmet ,  i n s e r t e d  the  long eye r e l i e f  eyepiece i n  
the  s e x t a n t ,  and performed t h e  measurement sequence. 

Spacecraf t  I n t e r i o r  Light ing 

During t h e  s i g h t i n g  per iod ,  t h e  s p a c e c r a f t  was completely dark except 
f o r  a shaded r e d  u t i l i t y  l i g h t  pe rmi t t i ng  t h e  command p i l o t  t o  w r i t e  down 
the  d a t a  and read  h i s  e lapsed  time c lock .  The s e x t a n t  readout  counter  was 
i l lumina ted  with a red  l i g h t ,  which was turned  on only as r equ i r ed .  

Vehicle At t i t ude  Rates 

The veh ic l e  a t t i t u d e s  measured with r e spec t  t o  a s t a b l e  p l a t fo rm were 
used t o  compute t h e  veh ic l e  a t t i t u d e  r a t e s .  P r i o r  t o  t h e  s i g h t i n g  pe r iod  

88- 56- 342- t he  p la t form was a l i n e d  wi th  r e s p e c t  
t o  t h e  l o c a l  v e r t i c a l  and t h e  space

84- 52- 338 	 c r a f t  o r b i t  p lane  and was torqued i n  
the  o r b i t  p lane  (p i t ch )  a t  a r a t e  of 
about 4.0°/min, t h e  o r b i t a l  r a t e  a t  
about 150 miles  a l t i t u d e .  Figure 8 
i s  a t y p i c a l  t ime h i s t o r y  of  t h e  
v a r i a t i o n  of  t h e  v e h i c l e  a t t i t u d e s  
f o r  t h e  Gemini e lapsed  t ime co r re 

mber sponding t o  t h e  s i g h t i n g  measurements 
numbers 14, 15,  16, and 17 of 

'43 s i g h t i n g  pe r iod  1 ( o r b i t  40) .  Due t o  
Gemini elapsed time. hr min a shor t age  of s p a c e c r a f t  e l e c t r i c a l  

Figure 8.- Typical vehicle attitudes during power, this is the Only sighting 
sextant sighting period number 1 (Orbit 4 0 ) .  per iod  during which t h e  s t a b l e  
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pla t form r e f e r e n c e  was a v a i l a b l e  f o r  measurement o f  veh ic l e  rates and 
a t t i t u d e s .  However, t h e  command p i l o t  assured  t h e  experimenters t h a t  it was 
typical of  a l l  t h e  s i g h t i n g  per iods .  

I t  can b e  seen  from figure 8 t h a t  t h e  s p a c e c r a f t  i s  well s t a b i l i z e d  i n  
p i t c h  and yaw wi th  maximum rates of 2" and 4"/min, r e s p e c t i v e l y ,  while  t h e  
r o l l  rate dur ing  these  s i g h t i n g  measurements was about cons tan t  a t  SO/min. 
There was l i t t l e  effect  of a t t i t u d e  ra te  on s e x t a n t  measurement performance 
a t  rates of l .S" /sec  ( r e f .  8 ) ;  t he re fo re ,  a t  t hese  rates o f  less than  
0 . l o / s e c ,  performance should not  be a f f ec t ed .  

RESULTS AND DISCUSSION 

The r e s u l t s  of  t h e  TO02 experiment c o n s i s t  o f  l ea rn ing  curve d a t a  
obta ined  during t h e  i n i t i a l  pe r iod  of t r a i n i n g  with t h e  s e x t a n t ,  b a s e l i n e  
d a t a  f o r  comparison with f l i g h t  r e s u l t s ,  and i n f l i g h t  d a t a  obta ined  during 
t h e  Gemini X I 1  f l i g h t .  

I n i t i a l  Training 

The Gemini X I 1  p i l o t  was t r a i n e d  as descr ibed  p rev ious ly .  The s tandard  
dev ia t ion  of  t h e  measurement e r r o r  from i t s  mean va lue  was used as t h e  
measure of t h e  p i l o t ' s  p ro f i c i ency .  The s tandard  dev ia t ion  v a r i e d  from a 
maximum of about k 1 3  arc s e c  e a r l y  i n  t h e  t r a i n i n g  pe r iod  t o  a minimum of  
about k4 arc sec toward the  end. 

The t r a i n i n g  d a t a  of  r e fe rence  7 f o r  a l a r g e  group of s u b j e c t s  i n d i c a t e d  
t h a t  t h e  range of  s t anda rd  dev ia t ion  of  s i g h t i n g  measurements a t  t h e  end of a 
2-week pe r iod  was about 14 arc sec. The TO02 t r a i n i n g  d a t a ,  however, were 
obtained from an excep t iona l ly  t a l e n t e d  ope ra to r  who used an 8-power s e x t a n t .  
I n  add i t ion ,  t h e  s e x t a n t  used i n  obta in ing  the  TO02 t r a i n i n g  d a t a  i s  a v a s t l y  
improved instrument  o p t i c a l l y  and mechanically,  over  t h a t  used i n  re ference  7.  
The lower s t anda rd  dev ia t ion  f o r  t he  TO02 t r a i n i n g  d a t a  compared with t h a t  o f  

Helmet off Helmet on /visor down 
re ference  7 may a l s o  b e  due p a r t i a l l y  
t o  t h e  inc rease  i n  magnif icat ion from 
3.0 t o  8.0.  

Standard deviolion 

Basel ine Data - S t a r / S t a r  Targets  

Sextan t  measurements were made 
with t h e  helmet o f f  (normal eye 

Figure 9 . - P r e f l i g h t  b a s e l i n e  d a t a ,  TO02 d e i i a t i o n  of t h e  s i g h t i n g  measurement 
-experiment; h e s  naviga t ion  s imula tor  and 
ground s i g h t i n g  s t a t i o n ;  s t a r / s t a r  t a r g e t s .  

error- about t h e i r  mean va lue  ( t h e  
shaded ba r s )  and t h e  mean s i g h t i n g  
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measurement e r r o r  ( the  o f f s e t  l i n e )  f o r  a l l  s i g h t i n g  per iods ;  t h e  s i g h t i n g  
measurement e r r o r  i s  p l o t t e d  as t h e  absc i s sa .  

The f i g u r e  a l s o  summarizes b a s e l i n e  d a t a  obta ined  a t  a ground s i g h t i n g  
s t a t i o n  us ing  real s ta rs .  The s i g h t i n g  measurement e r r o r  i s  co r rec t ed  f o r  
annual a b e r r a t i o n  and atmospheric r e f r a c t i o n .  The s tandard  devia t ions  o f  
t h e  s i g h t i n g  measurement e r r o r s  ob ta ined  with t h e  helmet o f f ,  both i n  t h e  
s imula to r  and from t h e  ground observatory us ing  a c t u a l  stars,  agree w e l l  wi th  
values  o f  +5 and +4 arc sec, r e s p e c t i v e l y .  S imi l a r  measurements with t h e  
helmet on and v i s o r  down, both i n  t h e  s imula to r  and from t h e  observatory,  
a l s o  agree w e l l ,  having s tandard  dev ia t ions  o f  +7 and +8 arc s e c ,  
r e s p e c t i v e l y .  The mean s i g h t i n g  measurement e r r o r s  a r e  small, ranging from 
1 t o  5 arc s e c .  

Gemini X I 1  I n -F l igh t  Data 

The Gemini X I 1  i n - f l i g h t  s e x t a n t  measurements were, as noted previous ly ,  
made from wi th in  t h e  s t a b i l i z e d  s p a c e c r a f t  while  t h e  p i l o t  was looking 
through t h e  r ight-hand window, which was of good o p t i c a l  q u a l i t y .  The 
measurement d a t a  a r e  presented  i n  t a b l e  11. The s t anda rd  dev ia t ion  of t h e  
s i g h t i n g  measurement e r r o r s  and t h e  mean s i g h t i n g  measurement e r r o r  are 
summarized i n  f i g u r e  10 where t h e  s i g h t i n g  measurement e r r o r  i s  again p l o t t e d  

as t h e  a b s c i s s a .  For  t h e  f i r s t  f o u r  

-4 


Helmet of f  Helmet on /visor down 

Sighting 
s i g h t i n g  per iods  , t h e  measurements 

period were made with t h e  helmet o f f .  The 
5 s t anda rd  dev ia t ion  f o r  t hese  s i g h t i n g  

-2 per iods  was l e s s  than  +9 a r c  s e c ,  
and t h e  average s tandard  dev ia t ion  
f o r  a l l  f o u r  s i g h t i n g  per iods  was 7 

0 a r c  s e c .  The measurement b i a s  e r r o r s  
-9-9- I f o r  t h e  f i r s t  two s i g h t i n g  per iods  i n  

which Betelgeuse and Rigel  were used 
-2- I-

I 
as t a r g e t s  were - 2  and 0 arc s e c ,

I 

Measurement
6 

error, orcsec Measurement error, 
0 

orcsec 
r e s p e c t i v e l y  , whereas t h e  measurement 
b i a s  e r r o r s  f o r  s i g h t i n g  per iods- _  

Figure 10.- I n - f l i g h t  s i g h t i n g  measurement d a t a  3 and 4 ,  i n  which Betelgeuse and 
TO02 experiment; Gemini XI1 s p a c e c r a f t ;  B e l l a t r i x  were used as t a r g e t s ,  were
s t a r / s t a r  t a r g e t s .  - 4  and - 2  a r c  s e c ,  r e s p e c t i v e l y .  The 

average mean s i g h t i n g  measurement e r r o r  f o r  a l l  fou r  per iods  was - 2  arc s e c .  
During t h e  f i f t h  s i g h t i n g  pe r iod ,  t h e  measurements were made with t h e  helmet 
on, v i s o r  down, and with t h e  long eye r e l i e f  eyepiece i n s t a l l e d  i n  t h e  sex
t a n t .  The s tandard  dev ia t ion  of measurement e r r o r s  f o r  t h e s e  measurements 
was 8 arc s e c ,  while  t h e  mean s i g h t i n g  measurement e r r o r  was -11 arc s e c .  

The s tandard  dev ia t ion  of  t h e  measurements f o r  a l l  s i g h t i n g  condi t ions  
i s  below 9 arc sec, agreeing we l l  with t h e  b a s e l i n e  da t a .  The mean s i g h t i n g  
measurement e r r o r s  of  t h e  i n - f l i g h t  d a t a  are gene ra l ly  small ,  less than  4 
arc s e c  f o r  t h e  helmet o f f  conf igu ra t ion ,  which a l s o  agrees  we l l  wi th  t h e  
b a s e l i n e  da t a .  The l a rge  mean s i g h t i n g  measurement e r r o r ,  f o r  t h e  
helmet on conf igura t ion  d a t a  ( o r b i t  56) i s  i n c o n s i s t e n t  with both t h e  
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p r e f l i g h t  base l ine  d a t a  and t h e  o t h e r  i n - f l i g h t  d a t a .  The mean s i g h t i n g  
measurement e r r o r ,  �mean comprises many components as i n d i c a t e d  i n  equat ions  
(1) t o  ( 4 ) .  The magnitudes o f  t h e s e  e r r o r  components f o r  t h i s  s e t  o f  d a t a  
were c a r e f u l l y  s c r u t i n i z e d  i n  an  e f f o r t  t o  exp la in  t h e  incons is tency .  A l l  
t h e  e r r o r  components seemed reasonable  except t h e  mean zero b i a s  measurement 
e r r o r  (0z)mean ( t a b l e  111) ,  which had both a l a r g e  mean va lue  and a l a r g e  
s tandard  dev ia t ion .  This l a rge  s tandard  dev ia t ion  i n d i c a t e s  t h a t  t h e  mean 
zero  b i a s  measurement e r r o r  (0z)mean is not  w e l l  known and t h e  s i g n i f i c a n c e  
of  t h e  l a rge  mean s i g h t i n g  measurement e r r o r ,  E m e m ,  may t h e r e f o r e  be  open 
t o  ques t ion .  

The mean s i g h t i n g  e r r o r s  presented  here  a r e  cor rec ted  f o r  window-induced 
measurement e r r o r s ,  f o r  e r r o r s  due t o  t h e  d i f f e r e n c e  of t h e  index of  refrac
t i o n  of t h e  l i g h t - t r a n s m i t t i n g  media wi th in  and ou t s ide  t h e  s p a c e c r a f t ,  f o r  
measured zero b i a s ,  and f o r  instrument c a l i b r a t i o n .  

Subjec t ive  Comments 

The p i l o t  s t a t e d  t h a t ,  i n  genera l ,  t h e  ope ra t ion  of  t h e  TO02 s e x t a n t  i n  
zero g w a s  much s impler  and easier t o  manage than had been a n t i c i p a t e d  from 
h i s  p r e f l i g h t  t r a i n i n g  and s imula t ion .  During t r a i n i n g ,  t h e  p i l o t  i nd ica t ed  
t h a t  t h e  weight of t h e  sex tan t  caused f a t i g u e ,  b u t  t h i s  was a l l e v i a t e d  i n  t h e  
weight less  environment of a c t u a l  space f l i g h t .  H e  a l s o  s t a t e d  t h a t  acqu i s i 
t i o n  of t h e  s ta r  p a t t e r n s  f o r  t h e  experiment was marginal with t h e  r e s t r i c t e d  
f i e l d  of view of t h e  window. A l a r g e r  window i n  t h e  spacec ra f t  and easier 
access t o  it would probably s impl i fy  a c q u i s i t i o n  of t h e  s tar  p a t t e r n s .  

Star /Star Star / Lunar I i m b  

Comparison of  Basel ine 
Standard and F l i g h t  Dataerrory

,,deviation 

Inf light The p i l o t ' s  performance as i n d i 
ca t ed  by t h e  b a s e l i n e  d a t a  was v i r t u 
a l l y  t h e  same as t h a t  i n  t h e  

+5rcr5*  Baseline 
I 

s p a c e - f l i g h t  environment as seen  i n  
f i g u r e  11, thus  i n d i c a t i n g  t h e  use fu l -
ness  of s imula tors  and ear th-based 
obse rva to r i e s  i n  eva lua t ing  space 
naviga t ion  measurement techniques.

I 1 

0 0 Figure 11 shows t h a t  naviga t ion  type 
Measurement error, arcsec Measurement error, arcsec measurements ( s t a r / l una?  limb) were 

made with a s tandard  dev ia t ion  of  +6 
Figure 11.- Comparison o f  i n - f l i g h t  and b a s e l i n e  a r c  sec i n  t h e  s imula tor .  I n - f l i g h td a t a ,  TO02 experiment; helmet o f f .  

d a t a  t o  support  t h i s  performance await 
f u t u r e  f l i g h t s .  
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Space Navigation Using a Hand-Held Sextan t  

For t h e  Apollo lunar  mission t h e  primary s p a c e c r a f t  naviga t ion  system 
w i l l  u t i l i z e  ear th-based r a d a r  t r a c k i n g  measurements. A s i m p l i f i e d  on-board 
backup system is  s t i l l  d e s i r a b l e ,  however, i n  which t h e  hand-held s e x t a n t  
could b e  a key element.  The minimum funct ions  of  backup system hardware are: 
(1) t o  make angular  naviga t ion  measurements; (2)  t o  provide a r e fe rence  f o r  
holding s p a c e c r a f t  a t t i t u d e  during a v e l o c i t y  co r rec t ion ;  and (3) poss ib ly  t o  
provide a r e fe rence  f o r  a l i n i n g  an i n e r t i a l  measurement u n i t  t o  measure t h e  
AV appl ied .  The s e x t a n t  obviously i s  designed t o  measure angles  wi th  good 
accuracy. The s e x t a n t  with a l i g h t e d  r e t i c l e  could a l s o  perform funct ions  
2 and 3 i f  i t  were mounted on a b racke t  a t  t h e  s p a c e c r a f t  window and bore-
s i g h t e d  with t h e  spacec ra f t  axes .  Such a mount i n  t h e  Gemini X I 1  spacec ra f t  
appeared t o  perform s a t i s f a c t o r i l y  dur ing  rendezvous. 

Prel iminary s t u d i e s  a t  Ames have i n d i c a t e d  t h a t  with only a simple 
co l l imated  r e t i c l e  on t h e  s p a c e c r a f t  window it i s  p o s s i b l e  t o  ho ld  t h e  
s p a c e c r a f t  a t t i t u d e  manually wi th  s u f f i c i e n t  accuracy t o  perform a v e l o c i t y  
co r rec t ion .  The s e x t a n t  with 8-power magni f ica t ion  should improve t h i s  
performance. Alining an i n e r t i a l  measurement u n i t  by t h i s  technique has  not  
been s tud ied .  

Resul ts  of both t h e  D - 9  autonomous o r b i t  naviga t ion  i n - f l i g h t  experiment 
( r e f .  5) on Gemini V I 1  and the  NASA rendezvous naviga t ion  experiment on 
Gemini V I  ( r e f .  6) i n d i c a t e  t h a t  t h e  hand-held s e x t a n t  i s  s u i t a b l e  f o r  
naviga t ion  i n  these  f l i g h t  phases .  

This experiment has  shown t h a t  s a t i s f a c t o r y  naviga t ion  measurements f o r  
s eve ra l  phases of s p a c e - f l i g h t  ( e . g . ,  midcourse, rendezvous, e a r t h  o r b i t )  can 
be  made using a hand-held s e x t a n t .  Therefore ,  i t  appears t h a t  t h e  hand-held 
s e x t a n t  could be  used t o  implement an autonomous on-board naviga t ion  system. 

I t  i s  recognized t h a t  t h e  s e x t a n t s  used i n  these  t e s t s  a r e  experimental  
instruments  manufactured t o  prove t h e  design concept.  Design changes may be  
necessary t o  provide an instrument  compatible with t h e  ope ra t iona l  system 
requirements .  

CONCLUSIONS 

From an in spec t ion  of t h e  r e s u l t s  of  t h e  i n - f l i g h t  s p a c e c r a f t  experi
ments presented ,  it may be  concluded t h a t :  

1. The angle  between s t a r s  can b e  measured with a hand-held s e x t a n t .  
The t o t a l  measurement e r r o r  ( a s t ronau t  + s e x t a n t  + s p a c e c r a f t  window) had a 
s tandard  dev ia t ion  of l e s s  than 510 a r c  sec and an average mean s i g h t i n g  
measurement e r r o r  of only 2 a r c  sec. 
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2. Sextant  measurements of  t h e  angle  between stars with t h e  helmet on, 
v i s o r  down, i n d i c a t e  t h a t  t h e  s tandard  dev ia t ion  o f  s i g h t i n g  measurement 
e r r o r s  was less than  k10 arc sec. 

3. The TO02 i n - f l i g h t  d a t a  and t h e  p r e f l i g h t  b a s e l i n e  d a t a  obtained i n  
t h e  s imula tor  and from ground obse rva to r i e s  were almost i d e n t i c a l .  I t  
appears t h a t  a t  least f o r  t h e  condi t ions  of  t h i s  experiment,  s imula tors  and 
ground observa tor ies  can be use fu l  i n  eva lua t ing  space naviga t ion  measurement 
techniques.  

4 .  I n - f l i g h t  experience has  demonstrated t h e  p o t e n t i a l  o f  t h e  hand-held 
s e x t a n t  f o r  use  i n  midcourse naviga t ion  (NASA TO02 experiment),  o r b i t  naviga
t i o n  (Air  Force D-9 experiment),  and rendezvous naviga t ion  (NASA rendezvous 
experiment on Gemini VI).  

Ames Research Center 
Nat ional  Aeronautics and Space Adminis t ra t ion 

Moffett  F i e ld ,  Ca l i f . ,  94035, Aug. 20, 1968 
125-17-02- 10-00-21 
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N TABLE 1.- SPACECRAFT ORBITAL POSITION 


Orbit  40; November 14,  1966 Orbi t  48; November 15, 1966 
~ ~~ ~ 

A 1t i tude  A 1titude 
Greenwich Latitude,  Longitude, above an Greenwich above an 

mean time, ob la t e  mean time, La t i  tude,  Longitude, ob la t e  
hr:min:sec deg deg e a r t h ,  hr:min:sec deg deli ea r th ,  

n m i  n m i  

12:Ol: 16 2.12N 101. OOE 140.81 00 :03 :30 4.83s 71.22W 140.51 
I 

1 2  :03: 25 2.03s 108 .OOE 140.59 00 :05 :30 8.65s 64.58W 140.61 

12 :05:14 5.58s 114.00E 140.63 00 :07:30 12.33s 57.80W 140.92 

12: 07: 20 9.57s 121.OOE 140.91 00 :09 :30 15.81s 50.83W 141.43 

1 2  :09 :23 13.30s 128. OOE 141.42 00:11:30 19.02s 43.60W 142.10 

12 :11:23 16.68s 135 .OOE 142.12 00 :13:30 21.90s 36,lOW 142.92 

12:  13:18 19.70s 142.00E 142.93 00 :  15 :30 24.38s 28.29W 1 143.84 

1 2  :15 :09 22.30s 149 . O O E  143.84 00 : 17 :30 26.38s 20 I19W 144.83 
i 

1 2 :  17: 11 24.73s 157 . O O E  144.92 00 :  19 :30 27.85s 11.84W 145.85 

12:19:09 26.63s 165.O O E  146.03 00:21:30 28.73s 03.29W 146.87 

12:  21 :  18 28.08s 174 . O O E  147.26 00 :23:30 29.02s 05,34E 147.87 

12 :23 :10 28.82s 178. OOW 148.31 00: 25 :30 28.68s 13.97E 148.82 

12:25:15 28.98s 169 .O O W  149.44 00 :27:30 27.73s 22.48E 149.70 

1 2 :  27: 2 1  28.48s 160. OOW 150.51 00:  29 :30 26.21s 30.78E 150.52 

12:29:14 27.47s 152 . O O W  151.39 00 :31: 30 24.12s 38.83s 151.25 

12: 31: 10 25.92s 144.00W 152.01 00 :33:30 21.67s 46.57E 151.91 

12 :33: 11 23.85s 136.OOW 152.98 00 :35 :30 18.78s 54.01E 152 .50 
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TABLE 1.- SPACECRAFT ORBITAL POSITION - Continued 

Orbit  54; November 15, 1966 Orbit  55; November 15, 1966 
L 

A 1t itude A1titude 
G r  eenwichmean time, Latitude,  Longitude, above an Greenwich Lat i tude,  Longitude, oblatean 

obla te  mean time, 
h r  :min :sec 

10:31:30 

10:33:30 


10:35:30 


10:37:30 


10:39:30 

10:41:30 
10:43:30 

10:45:30 
10:47:30 

10:49:30 

10:51:30 
10:53:30 
10:55:30 
10:57:30 
10 :59:30 
11:01:30 
11:03:30 
11:05:30 

N 
w 11:07:30 

deg deg ea r th ,  
n m i  

hr:min:sec deg deg ea r th ,  
n m i  

3.32s 125.28E 140.68 12:01:30 3.67s 102.89E 140.48 
7.17s 131.88E 140.60 12:03:30 7.51s 109.50E 140.33 
10.91s 138.60E 140.73 12:OS:30 11.24s 116.23E 140.40 
14.47s 145.48E 141.06 12:07:30 14.79s 123.14E 140-67 
17.80s 152.61E 141.58 12:09:30 18.09s 130.29E 141.12 
20.82s 160.O1E 142.25 12:11:30 21.08s 137.71E 141.74 
23.46s 167.70E 143.03 12: 13:30 23.68s 145.43E 142.46 
25.65s 175.68E 143.90 12:15:30 25.83s 153.45E 143.29 
27.33s 176.05W 144.84 12:17:30 27.47s 161.74E 144.19 
28.46s 167.70W 145.79 12:19:30 28.54s 170.24E 145.ll 
28.98s 158.95W 146.74 12:21:30 29.01s 178.87E 146.03 
28.88s 150.31W 147.65 12:2 3 :  30 28.85s 172.48W 146.94 
28.17s 141.73W 148.52 12:25 :30 28.08s 163.92W 147.81 
26.87s 133~ 33W 149.33 12:27:30 26.72s 155.53W 148.63 
25.02s 125.18W 150.08 12:29:30 24.83s 147.40W 149.40 
22.70s 117.32~ 150.77 12 :31:30 22.45s 139.56W 150.13 
19.95s 109.761V 151.41 1 2  :33 :30 19.67s 132.02W 150.80 
16.85s 102.481.V 151.98 12 :35:30 16.53s 124.78W 151.43 

13.46s 95.48W 152.52 
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P TABLE I.- SPACECRAFT ORBITAL POSITION - Concluded 

Orbit 56; November 15, 1966 

Greenwich 
mean time, 
hr:min:sec 

13:31:30 


13:33:30 
13:35:30 

13:37:30 ' 

13:39:30 
13:41:30 
13:43:30 

13:45:30 
13:47:30 
13:49:30 

13:51:30 
13:53:30 
13:55:30 
13:57:30 


13:59:30 
14:Ol:30 
14:03:30 


14:05 :30 

Latitude, 

deg 


4.02s 


7.86s 


11.58s 


15.61s 


18.38s 


21.34s 


23.91s 


26.01s 


27.598 


28.61s 


29.01s 


28.80s 


27.97s 


26.57s 


24.62s 


22.21s 


19.39s 


16.22s 


Longitude, 

deg 


80.51E 


87.12E 


93.87E 


100.81E 


107.98E 


115.42E 


123.17E 


131.22E 


139.53E 


148.05E 


156.68E 


165.32E 


173.88E 


177.76W 


169.65W 


161.84W 


154.33W 


147.12W 


A1titude 

above an 

oblate 

earth, 

n mi 


140.46 


140.31 


140.39 


140.66 


141.12 


141.73 


142.43 


143.28 


144.17 


145.24 


146.14 


147.01 


147.85 


148.64 


149.38 


150.07 


150.71 


151.32 


14:07:30 12.79s 140.15W 151.89 




-- 

TABLE 11.- IN-FLIGHT 

Orbit 40 

Sight ing t a r g e t s  : 

Primary LOS - Betelgeuse 

Scanning LOS - Rigel 

Zero b i a s  measurement - Aldebaran 


b ias  	 3 63:21:33.5 99.999 
4 63:22:09.0 00.000 
5 63:22:53.5 , 00.001 

SEXTANT SIGHTING DATA, TO02 EXPERIMENT, GEMINI XI1 

Orbit 48 

Sighting t a r g e t s :  

Primary LOS - Betelgeuse 

Scanning LOS - Rigel 

Zero b i a s  measurement - Aldebaran 


I I i b ias  , 3 75:21:45,0 99,995 
I 

,- 5 75:23:29.0 00.003 I 
6 75:28:44.0 18.604 76.9 

18.605 I 

I
I 

18.608 
18.605 

I 4 75:22:35.0 00.005 

18.609 
18.604 
18.608 
18.606 
18,606 
18.605 

16 75:39:00.0 18.604 
17 75:39:33.5 18,605 
18 75:40:29.0 18.606 
19 75 :41:11 . O  18.604 
20 

6 63: 28 :22 . O  
7 63:30:31.5 
8 63 :31 :38.5 

63: 32 :53 .O 
63:34:27.0 
63: 35: 26 . O  
63:37:13.5 

stars 13  63:38:46.0 

18.611 
18.606 
18.604 
18.608 
18.604 
18.604 
18,609 

, 18.606 
63: 39 :36.5 Void 
63:40:21.0 18.608 
63 :41: 15. O  18.611 
63:42:07.0 18.605 

18 63:43:53.0 18.605 
63:44:51.0 ' 18.605 

20 

! 



-- 

TABLE 11.- IN-FLIGHT SEXTANT SIGHTING DATA, TO02 EXPERIMENT, GEMINI XI1 - Continued 

I r b i t  54 

; igh t ing  t a r g e t s  : 

Primary LOS - Betelgeuse 
Scanning LOS - B e l l a t r i x  
Zero b i a s  measurement - Aldebaran 

hit conf igura t ion :  Helmet o f f  

Orbi t  55 

S ight ing  t a r g e t s :  

Primary LOS - Betelgeuse 
Scanning LOS - B e l l a t r i x  
Zero b i a s  measurement - Aldebaran 

Su i t  conf igura t ion :  Helmet o f f  

Measure-
ment 

-

Gemini 
e 1apsed 
time 
h r  :min: s ec  

Sextant  
readout 
angle ,  

deg 

Cabin 
temp., 

O F  

Cabin 
pres  -
su re ,  
p s i  

1 87:19:23.5 00.005 70.6 5.26 
Zero 2 87: 20: 24 .O 00,002 
b i a s  3 87: 20: 53.5 00.000 

4 87: 2 2 :  28 .O 99.995 
5 87:23:15.5 00.003 
6 87 :25 :49 .5 07,529 
7 87:27:16.3 07.531 



8 87: 28: 29.5 07.532 
9 87: 29 :28 .O 07,529 

10 87 :30 :13.5 07.529 
11 87:31:35.0 07,530 

Gemini 
elansedI 


time 
hr:min:sec 

1 85:50:06.5 
!ero 2 85: 51 :06 .O 
i i a s  3 85 :51:49.5 

4 85:52:31.0 
5 85:53:15.5 
6 86:02:05.5 
7 86:03:51.0 
8 86:04:56.0 
9 86:05:57.5 

10 86: 06: 56 .O 
11 86:07:51.5 

Two 1 2  86:08:53.0 
stars 13  86:09:31.0 

14 86:11:02.0 
15 86:13:23.5 

86: 14:35.O 
86:15:56.0 
86:17:03.0 
86:17:50.0 
86:18:53.5 

Sextant  Cabin Cabi n  
readout temp., pres  -
angle ,  OF su re ,  

deg p s i  

00.002 71.3 5.29 

00 .001  

00.000 

00.002 

00.005 

07.536 

07.531 

07.529 

07.530 

07.529 

07.528 

07.528 rwo 1 2  87:32: 24 .O 07.529 
07.528 s t a r s  13 87: 33: 14 .O 07.529 
07.531 14 87 :33:45 .O 07.528 
07.529 15 87: 35 :02 .O 07.529 
07.528 16 87: 35 :50.5 07.530 
07.529 17 87: 36 :30 .O 07.529 
07.528 18 87 :37: 27 .O 07.529 
07.531 19 87:38:06 .O 07.532 
07.531 20 87 :38 :54 .0 07.529 



1 
2 
3 
4 
5 -- 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

TABLE 11.- IN-FLIGHT SEXTANT SIGHTING DATA, TO02 EXPERIMENT, GEMINI XI1 - Concluded 

Orbit 56 


Sighting targets: 


Primary LOS - Betelgeuse 

Scanning LOS - Rigel 

Zero bias measurement - Aldebaran 


Suit configuration: Helmet on. Visor down 


Measure

ment 


Zero 

bias 


Two 

stars 


Gemini 

elapsed 

time 


hr:min:sec 


88:48:53.0 

88:49:30.0 

88:50:29.1 

88:Sl:lS.S 

88:51:59.5 

88:58:03.0 

88:58:28.5 

88:Sg:Ol.O 

88:59:32.0 

89:OO:lO.O 

89:00:48.3 

89:01:33.0 

89:02:19.0 

89:03:10.5 

89:04:05.1 

89:04:57.1 

89:05:27.0 

89:06:09.0 

89:06:43.0 

89:07:44.5 

Sextant 

readout 

angle, 
deg 


00.003 

00.009 

00.007 

99.995 

00.003 

18.605 

18.605 

18.604 

18.607 

18.607 

18.607 

18.608 

18.610 

18.607 

18.611 

18.610 

18.610 

18.607 

18.609 

18.609 


Cabin 
Cabin pres
temp., sure,"F p s i  

70.0 5.26 


70.6 




b i a s  
+13.7 

N 
co 


I I I 

i Zero 
40 1 bias 

i 
Zero 
b i a s  

48 
Two 

s t a r  

i 1 5 5 i b i a s  

3 
I Twoi star 

NI ! i Zero I 

? 56 I
N a 

N ' 1 Two 
VI star 

TABLE 111.- SUMMARY OF SIGHTING MEASUREMENT DATA 

Sextant Corrected
Mean value and 

s tandard devia t ion  Window induced c a l i b r a t i o n  me an 

of measurement measurement e r r o r ,  measurement 
r 
 e r r o r  

e r r o r  
arc s e c  

Mean 

Standard devia t ion  


Mean 

Standard devia t ion  


Mean 

Standard devia t ion  


Mean 

Standard devia t ion  


Mean 

Standard devia t ion  


Mean 

Standard devia t ion  


Standard devia t ion  


Mean 

Standard devia t ion  


Standard anMedevia t ion  

Mean 
Standard devia t ion  

e r r o r ,  Lc ' 
E

� W  arc sec me an ' 
I I [ arc sec I 

+ 2 . 2  -1 .6  0 
24 .1  

+5.8  +o .4 -4 -2.4 
29 .0  j 

-5 .o  
218.0 i

I 

-7 .6  0 1 
+1.4 
+5.4 j -4.8 -4 -0.4 

+6.8  - 9 . 7  0 
k 6 . 8  

-1.1 -9.5 I +4 I -4.5 
k 7 . 6  

t 1 3 . 7  

I 

-1 .8  -9 .5  +4 -1.6 
k 4 . 5  

k19.3 rr
I'+9.7 i -10.8 

+ 7 , 5  I 
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